Interference between different quantum paths can generate Fano resonance. One of the examples is transport through a quasibound state driven by time-dependent scattering potential. Previously it is found that Fano resonance occurs as a result of energy matching in one-dimensional systems.
I. INTRODUCTION
Fano resonance is a widely present phenomenon in atomic spectrum, light propagation, quantum transport, matter-wave scattering in ultracold atom systems, and etc 1, 2 . It can be interpreted by destructive interference of transport in different quantum paths especially when a discrete state interacts with a continuum of propagating modes. In quantum transport systems, when a donor impurity is embedded in a free conductor, Fano resonance can result from path interference, with additional quantum paths necessary for interference generated by spatially or time dependent potential. Floquet sidebands are formed in nonadiabatic quantum pumping driven by one or several high-frequency oscillating potentials. In the case of a time-dependent quantum well, when one of the Floquet levels matches the quasibound level inside there strikes a Fano resonance [3] [4] [5] , which can be observed in the pumped shot noise 4 . These previous work proposes that the Fano resonance occurs as a result of energy level matching between one of the Floquet sidebands and one of the quasibound states within the well in one-dimensional transport. It is unclear whether the Fano resonance occurs with energy matching or wavevector matching or other mechanisms when transverse motion enters. Earlier Fano resonance in the momentum space was already discussed in topological filters 1, 6 and quadratic waveguide arrays 1, 7 . In this work, we would investigate the Fano resonance properties in nonadiabatic quantum pumping driven by a single oscillating electric potential well in 2DEG (two-dimensional electron gas) and graphene with nonzero transverse wavevectors.
The two systems we would consider are 2DEG and monolayer graphene. 2DEG is a singleparticle model of free electron states with parabolic energy-momentum dispersion. It can be formed in semiconductor heterostructures and is a general platform for various quantum phenomenons. The quasiparticle states in a monolayer Graphene sheet can also be modeled as a two-dimensional free gas 8 . The difference is that it has "light-cone"-like dispersion with the conduction and valence band connected at the Dirac point. As a result, hole states as well as electrons contribute to its transport properties. Its low energy behavior can be described by the Dirac equation. From the band structure investigation of the monolayer graphene 9 , its experimental realization 10 , the quantum spin Hall effect 11 , to the quantum anomalous Hall state in bilayer graphene 12 , graphene has aroused unceasing interest among physicists. As an important dynamic transport process, quantum pumping properties in graphene-based structures were also targeted from different view angles [13] [14] [15] [16] Other parts of the paper would be organized as follows. Discussions of the 2DEG and graphene would be given in Section II and III, respectively. Analysis of the confined states, Fano resonance properties of the transmission under the Floquet theory, and the pumped shot noise properties would be three subsections of them. A conclusion would be given in Section IV.
II. NONADIABATIC QUANTUM PUMPING IN 2DEG
We consider the nonadiabatic pumping properties in a 2DEG driven by a time-dependent electric potential well V (t) = −V 0 + V 1 cos(ωt) with width L. V 0 is the static well depth, V 1 is the driving amplitude, and ω is the driving frequency. The considered device is sketched in Fig. 1 . Assuming the 2DEG located in the x-y plane, the time-dependent Hamiltonian of the electrons can be expressed as:
with
For GaAs the electron effective mass m * =0.067m e , where m e is the mass of the free electron and our discussion is based on single electron approximation and coherent tunneling.
A. Quasibound States within a Static Quantum Well
In advance of the time-dependent treatment, we consider the quasibound states within the static quantum well with width L and depth V 0 spanned in the x direction in the 2DEG.
We set the energy coordinate to be −V 0 at the bottom of the well. When the electron is confined in the well with its energy E > −V 0 , the wave functions inside and outside of the well can be written as
where
. Continuity equations of the wave functions and their derivatives at x = 0 and x = L are:
Solvability of these equations gives rise to the secular equation
Roots of E for this equation are the quasibound state energies. They can be obtained numerically by the sign-reversal points of ∂ |ξ|/∂E. The quasibound levels as a function of k y is shown in Fig. 2 . There are two quasibound levels within the well. We label the energy of the quasibound state as E b . Decreasing parabolic dispersion can be seen in the high quasibound level. As k y increases, transverse motion costs larger energy giving rise to the decrease in E b . Parabolic dispersion pattern is natural as a result of parabolic conduction band of 2DEG. Both quasibound levels vanishes when the wave vector in the transport direction k x becomes imaginary.
B. Floquet Scattering
We use the Floquet scattering theory to investigate the nonadiabatic quantum pump driven by the time-dependent well potential 3, 4 . Wave functions in the three scattering regions can be written as:
The potential is translation invariant in the y-direction. Plane wave with k y preserved can be assumed during transmission. The incident and outgoing electron waves consist of infinite Floquet sidebands, as shown in Fig. 1 . These sidebands are formed by motion in the x and y directions. The Floquet state energies are E n = E F + n ω. E F is the Fermi energy of the left and right electrodes at the two sides of the oscillating well with no bias between them. The sideband index n is an integer varying from −∞ to +∞ in an ideal exactness.
Numerical accuracy is secured for its cutoff 3 N > V 1 /( ω). In this case we set N = 5.
The Floquet wave vectors k xn = 2m
J n (x) are the n-th order first kind Bessel functions. Here, different from the one-dimensional case, k xn is imaginary meaning an evanescent mode even when E n > 0 if k y is relatively large. Transmission for this channel vanishes. a l/r n and b l/r n are the probability amplitudes of waves flowing out of and into the left/right electrodes, respectively.
The Floquet scattering matrix s αβ (E n , E m ) can be obtained 3, 4 by continuity of ψ and ∂ψ/∂x at the boundaries of the oscillating quantum well x = 0 and L. It connects annihilation operatorsâ α (E) andb α (E) of the incident and outgoing electrons to the driven potential asb
The total Floquet transmission probability follows as 
Re-obtained E b from E Fano by Eq. (9) is shown by blue asterisks in Fig. 2 In our potential configuration of a single time-dependent quantum well, spatial and timereversal symmetry secures zero pumped current at no electric or temperature bias between the left and right electrodes. However, the shot noise measuring the current fluctuation can be considerably large due to virtual transport of electrons and holes during one driving cycle 4, 16, 23 . With the Floquet scattering matrix obtained, the zero-frequency nonadiabatic pumped shot noise measuring current fluctuation correlation between particle beams from α and β electrodes can be expressed as
with 
III. NONADIABATIC QUANTUM PUMPING IN MONOLAYER GRAPHENE
We consider the nonadiabatic quantum pumping properties driven by a time-dependent quantum well at zero bias in monolayer graphene. The potential profile is sketched in Fig. 1 , which is identical to the previous consideration of 2DEG. For graphene, the time-dependent Dirac equation outside and within the oscillating potential well can be written as
with the potential profile in space and time U (x, t) identical to that of Eq. (2). v F ≈ 10 6 ms −1 is the Fermi velocity and σ = (σ x , σ y ) are the Pauli matrices.
A. Quasibound States within a Static Quantum Well
In advance of the time-dependent treatment, we consider the quasibound states confined in the static quantum well with width L and depth V 0 spanned in the x direction of monolayer graphene. We set the energy coordinate to be −V 0 at the bottom of the well. The electronhole spinor states ψ = e ikyy (ψ 1 , ψ 2 ) ′ with energy E > −V 0 inside and outside the well can be written as
with s = sign (E), s
By continuity of the spinor wave function at the boundaries of the quantum well, secular equation for the eigenenergy can be written as
Numerical results of the secular equation is given in the small black dots in Fig. 4 , which reproduces results of Ref. 28 .
B. Floquet Scattering
To investigate the influence of the quasibound states to the nonadiabatic quantum pumping properties, we try the Floquet Dirac spinor ψ = e ikyy (ψ 1 , ψ 2 ) ′ in the following form
which secures identical spinor normalization for all Floquet orders of a constant √ 2. In the infinite graphene layer, the potential is homogeneous in the y direction, therefore a plane wave component e ikyy can be assumed with k y conserved during transmission. Here A 
and θ m = tan −1 (k y /q m ).
By continuity of the spinor wave function at the two boundaries x = 0 and x = L, we can obtain the matrix equation (see the Appendix):
Considering the real current flux, the Floquet scattering matrix follows as
with r nm and t nm the reflection and transmission amplitudes from the mth Floquet channel to the nth Floquet channel, respectively. r From the scattering matrix s, the total transmission probability T F can be defined as
with s RL the relative matrix element of s. The minimum number of sidebands N that need to be included is determined by the strength of the oscillation from N > V 1 /( ω). In our numerical treatment to the monolayer graphene, sideband cutoff N = 2 is taken into account, which is justified by V 1 ≪ ω. The Fano resonance occurs when
Numerical results of T
which is equivalent to k x−1 = k bx with k bx the x-component wave vector of the quasibound level within the well. If we increase the driving frequency, more energy is injected into the transport process and the sideband interval ω is increased. Then it is possible that deeper quasibound states can be activated into the transport process. Numerically we consider ω = 20.5 meV. By the solid red squares in Fig. 4 , the Fano resonance occurring Floquet level energy E Fano − ω is marked. It covers all the quasibound levels from top of the well into 1 ω deep except too weak Fano resonances.
C. Pumped Shot Noise
The Fano resonance in the transmission probabilities can be observed in the pumped current or shot noise. In the graphene monolayer driven by single oscillating potential barrier, spatial and time-reversal symmetry secures vanishing pumped current. The nonadiabatic pumped shot noise S αβ can be investigated by Eq. (10) as well. Current flux conservation secures that S LL = S RR = −S LR = −S RL . We consider one of the four and label S LL as S.
To magnify the resonance spectrum, we also consider the derivatives of the noise over the Shot noise is a result of current fluctuations. Properties of the charge carriers, the conducting materials, and the potential configurations are imprinted in the shot noise, sometimes even more prominently than the conductance. In our consideration, no time-averaged current is present and the pumped shot noise especially its derivatives prominently demonstrate the Fano resonance in transmission. The complex eigenenergy profiles of graphene are reflected in the noise spectrum of the simple single-well device.
IV. CONCLUSIONS
In conclusion, Fano resonance is found in the nonadiabatic pumped shot noise driven by a time-dependent quantum well in the 2DEG and graphene. 
In graphene, the transverse energy is carried by the electron or hole during transmission.
The Fano resonance occurs at E Fano − ω = E b or equivalently k x−1 = k bx . Secondly, the complex quasibound level dispersion of graphene is imprinted by the Fano resonance in the total Floquet transmission spectrum. Thirdly, the nonadiabatic pumped shot noise measuring current fluctuations is a result of virtual transport process within a driving cycle.
It can be considerably large even when the pumped current vanishes due to spatial and time- 
VI. APPENDIX: DERIVATION OF THE FLOQUET SCATTERING MATRIX IN

GRAPHENE
In this Appendix, we show the detailed derivation of the Floquet scattering matrix in graphene from the spinor wave function continuity relations using the matrix format. Continuity equations of the spinor wave functions defined in Eqs. (16) and (17) are
We define relative matrices with their elements
After some algebra, it could be obtained that
and
The scattering matrix without flux normalization follows as
